Despite several studies on the effect of calcium deficiency on bone status, there is relatively little information on the ensuing histological alterations. To investigate bone changes during chronic hypocalcemia, weanling rats were kept on a calcium-free diet and deionized water for 28 days while control animals were fed normal chow. The epiphyseal-metaphyseal region of the tibiae were processed for histomorphometric, histochemical, and structural analyses. The distribution of bone sialoprotein (BSP), osteocalcin (OC), and osteopontin (OPN), three noncollagenous bone matrix proteins implicated in cellmatrix interactions and regulation of mineral deposition, was examined using postembedding colloidal gold immunocytochemistry. The experimental regimen resulted in serum calcium levels almost half those of control rats. Trabecular bone volume showed no change but osteoid exhibited a significant increase in all its variables. There were a multitude of mineralization foci in the widened osteoid seam, and intact matrix vesicles were observed in the forming bone. Many of the osteoblasts apposed to osteoid were tartrate-resistant acid phosphatase (TRAP)-and alkaline phosphatase-positive, whereas controls showed few such TRAP-reactive cells. Osteoclasts in hypocalcemic rats generally exhibited poorly developed ruffled borders and were inconsistently apposed to bony surfaces showing a lamina limitans. Sometimes osteoclasts were in contact with osteoid, suggesting that they may resorb uncalcified matrix. Cement lines at the bone-calcified cartilage interface in some cases were thickened but generally did not appear affected at bone-bone interfaces. As in controls, electron-dense portions of the mineralized matrix showed labeling for BSP, OC, and OPN but, in contrast, there was an abundance of immunoreactive mineralization foci in osteoid of hypocalcemic rats. These data suggest that chronic hypocalcemia affects both bone formation and resorption. (J Histochem Cytochem 48:1059-1077, 2000) Calcium plays an important role in cellular physiology and homeostasis. It is stored when bone is deposited and liberated when it is resorbed. The serum calcium level is a major factor regulating bone remodeling (reviewed in Dempster 1992). The use of calcium-deficient diets to investigate the effect of hypocalcemia on bone has generated variable results. Among the various changes reported to be induced by calcium deprivation one finds (a) low levels of bone formation, bone loss, or even diffuse osteoporosis (Jowsey and Gershon-
1958; Stauffer et al. 1973), and (d) in young, growing animals, the presence of severe calcification defects similar to those observed in rickets and osteomalacia (Bloom et al. 1958; Stauffer et al. 1973; de Bernard et al. 1980; Pettifor et al. 1984) .
The aim of the present investigation was to clarify, using a combination of morphological approaches, the changes in bone status induced by chronic hypocalcemia in growing rats, an animal model frequently used to study the effects of metabolic factors on bone and bone cells (Salomon 1972; Stauffer et al. 1972 Stauffer et al. ,1973 de Winter and Steendijk 1975; Liu and Baylink 1984; Ohya 1994) . Static histomorphometry, histochemical, structural, and immunocytochemical analyses were applied to characterize the histological and extracellular matrix alterations in tibial metaphyseal spongy bone of animals fed a calcium-free diet.
Materials and Methods

Hypocalcemic Diet
Eighteen 21-day-old Wistar rats weighing about 45 g (Charles River; St-Constant, QC, Canada) were maintained on a cycle of 12-hr light/12-hr dark and were fed a completely calcium-free diet (Altromin DP1031; Rieper, Vandois, Italy) for 28 days. Another eight rats were used as controls and were given a normocalcemic diet (Altromin DP1000; Rieper) for the same period of time. The animals had free access to food and deionized water. Both the calcium-free and the normocalcic food contained 1000 IU of vitamin D/kg. An additional group of three rats was treated for 28 days with Altromin DP1031 containing 2500 IU of vitamin D/kg of food to rule out the possibility that the alterations observed reflected a vitamin D-dependent rickets. The experimental protocol was approved by the Comité de Déontologie de l'Expérimentation sur les Animaux of the Université de Montréal.
Blood Sampling and Tissue Processing for Histological Analyses
On Day 28, the rats were anesthetized with chloral hydrate (Sigma Chemical; St Louis, MO) and blood samples were drawn from the jugular vein for routine biochemical assays of (a) calcification parameters (calcium, phosphorus, alkaline phosphatase), (b) renal function (creatinine), (c) intestinal protein absorption (albumin), and (d) liver activity (aspartate aminotransferase and alanine transferase). The rats were then perfused through the left ventricle with lactated Ringer's solution (Abbott; Montreal, QC, Canada) for about 30 sec, followed by fixative for 20 min. The fixative solution consisted of either 4% paraformaldehyde ϩ 0.1% glutaraldehyde in 0.08 M sodium cacodylate buffer, pH 7.3, or 1% glutaraldehyde in the same buffer. After perfusion, the tibiae were dissected, split longitudinally, and immersed in the corresponding fresh fixative solution for 3 hr (paraformaldehyde-glutaraldehyde) or overnight (glutaraldehyde) at 4C. The proximal metaphysis of each hemitibia was then dissected and subdivided into small segments. These were processed for embedding in glycolmethacrylate (Merck/ Schuchardt; Darmstadt, Germany) for enzyme histochemistry (Bianco et al. 1984) or LR White acrylic resin (Mecalab; Pointe-aux-Trembles, QC, Canada) for postembedding colloidal gold immunolabeling (Bendayan et al. 1987; Nanci et al. 1989 ). Some of the specimens were decalcified with 4.13% (ethylenedinitrilo)tetraacetic acid (EDTA, disodium salt), pH 7.2, for 2 weeks at 4C before embedding (War- shawsky and Moore 1967). Other undecalcified specimens were postfixed with potassium ferrocyanide-reduced osmium tetroxide (Neiss 1984) and embedded in Epon for routine light and electron microscopic examination.
Histomorphometric Analysis
Histomorphometric analysis of undecalcified tibiae was carried out with an interactive image analyzer (IAS 2000; Delta Sistemi, Rome, Italy) on at least three ‫-2ف‬ m-thick sections from each animal. The sections were cut at intervals of ‫06ف‬ m with a Reichert-Jung 1150/Autocut microtome. Structural variables (for nomenclature see Parfitt et al. 1987) were measured in the spongiosa within a conventional 1.11 ϫ 2.29-mm (2.54 mm 2 ) rectangular window whose upper side was centered 1 mm below the growth plate-metaphyseal junction. Remodeling variables were analyzed in the same region using a 0.85 ϫ 1.02-mm (0.87 mm 2 ) window. Growth plate width was measured at five equally spaced distances. Differences between groups were assessed by the bidirectional t-test adjusted for multiple comparison. The test was performed after assessment of significant difference by oneway analysis of variance (ANOVA). Statistical significance was considered at p Ͻ0.05.
Cytochemical Staining
Thick sections for light microscopy were stained with azure II-methylene blue for routine examination or by the von Kossa method for calcium phosphate. Glycolmethacrylate sections were used to demonstrate alkaline phosphatase (AP) and tartrate-resistant acid phosphatase (TRAP) activities under the light microscope (Bianco and Bonucci 1991) . TRAP ac-tivity was also visualized at the ultrastructural level using cerium-based preembedding cytochemistry and epoxy resin embedding (Robinson and Karnovsky 1983; Clark et al. 1989; Bonucci et al. 1992) . Some glycolmethacrylate sections stained with azure II-methylene blue or by the von Kossa method were also used for histomorphometry.
Immunolocalization of Noncollagenous Bone Matrix Proteins
Postembedding protein A-colloidal gold immunolabeling of tissue sections was applied to examine the presence and distribution of bone sialoprotein (BSP), osteocalcin (OC), and osteopontin (OPN) (reviewed in Bendayan 1995; McKee and Nanci 1995) . Briefly, decalcified and undecalcified gridmounted LR White tissue sections were blocked for 15 min by floating on a drop of 0.01 M PBS containing 1% ovalbumin (Sigma). They were then incubated with chicken egg yolk anti-rat OPN antibody (1:150 for 3 hr; Nanci et al. 1996) followed by rabbit anti-chicken IgG antibody (Cappel; Organon Teknika, Scarborough, ON, Canada), goat anti-rat OC (1:50; Hauschka et al. 1983) , or with rabbit anti-rat BSP (1:100 for 3 hr; LF-87; Midura et al. 1990 ). After incubation with antibody, sections were rinsed with PBS, placed on a drop of PBS-1% ovalbumin for 15 min, and then floated on a drop of protein A-gold complex (dilution 1:25) for 30 min. The complex was prepared as described in Bendayan (1995) using colloidal gold particles of ‫8ف‬ nm (Frens 1973) . All incubations were carried out at room temperature. Controls were incubated with the secondary antibody followed by protein A-gold or protein A-gold alone. Sections were finally washed with PBS, rinsed with distilled water, stained with uranyl acetate and lead citrate, and examined in a JEOL 1200EX-II transmission electron microscope operated at 60 kV.
Results
Animals from the present study (except for the hypocalcemic group supplemented with vitamin D) were also used to examine enamel formation in the mandibular incisors. Details of food and water consumption, and weight progression for the hypocalcemic and control groups are given in . The average weight of hypocalcemic rats after 28 days was 124 Ϯ 11.6 g compared to 244.9 Ϯ 49.2 for controls.
Biochemical Assays
Results of the blood analyses are summarized in Table  1 . The serum data showed conspicuous hypocalcemia in calcium-deprived rats (1.38 Ϯ 0.09 vs 2.8 Ϯ 0.10 mmol/liter; pϽ0.001), an increase in alkaline phosphatase and alanine aminotransferase, and normal values for phosphorus, creatinine, albumin, and aspartate aminotransferase.
Histomorphometry
The bone volume of calcium-deficient rats showed no significant difference from that of control rats (Table  2) . Animals given a supplement of vitamin D (2500 IU of vitamin D) exhibited similar values. The absence of calcium in the diet resulted in a significant reduction of trabecular thickness, compared to the control group. The growth plate width was similar in three groups. Both groups of rats given a calcium-free diet showed a significant increase in the osteoid parameters with respect to controls, as indicated by the values for osteoid volume, osteoid thickness, and osteoid surface (Table  3 ). Of note is that osteoid volume and thickness increased less in rats fed on a diet with 2500 IU/kg of vitamin D than in those maintained on a diet containing 1000 IU/kg. In both groups the osteoblast surface was also significantly greater than that in controls.
Osteoclast surface and osteoclast number were not significantly altered by hypocalcemia (Table 4 ). The eroded surface was significantly higher in treated rats receiving 1000 IU of vitamin D but not in those fed a diet with 2500 IU. However, in both these groups, almost all trabecular surfaces showed signs of bone remodeling.
Histology
The metaphyses of hypocalcemic rats appeared to consist of rather irregular trabeculae, delimiting medullary spaces that contained dilated capillary vessels and hemopoietic cells. Very few trabeculae were lined by typical bone lining cells, the majority of endosteal surfaces being covered by well-developed osteoblasts (Figures 1A and 1B) . Many osteoclasts were observed along the bone surfaces and mast cells were abundant near bone ( Figures 1B, 1D , and 1E). Osteoclasts, particularly those near the growth plate, were often found apposed to unmineralized matrix ( Figure 1D ). The organization of osteoblasts along trabeculae varied according to the distance from the growth plate cartilage. Those at a distance generally formed a single row ( Figures 1C and 1E ), whereas those nearer the growth plate appeared to be hyperplastic ( Figure 1A) . In both cases, the cells were rather large (mean diameter about 15 m), and showed a deeply stained cytoplasm with a conspicuous Golgi apparatus and an eccentric nucleus with one or two nucleoli ( Figures 1A and 1E ). Von Kossa staining confirmed that the central part of the trabeculae was calcified, whereas the peripheral bone matrix consisted of thick, uncalcified osteoid borders with a widened seam showing many mineralization foci ( Figures 1C and 1E ).
Enzyme Histochemistry
In hypocalcemic rats, the majority of osteoclasts were TRAP-positive, and intensely reactive mononuclear cells were frequently seen around them ( Figure 1F ). TRAP activity was also present in osteoblasts and osteocytes ( Figure 1F ). The reaction product in these cells appeared as granular deposits which, in the case of osteoblasts, were aligned along the cell membrane facing osteoid ( Figure 1F ). Practically all the osteoblasts along the metaphyseal trabeculae showed TRAP staining, whereas those lining diaphyseal bone or the diaphyseal terminal portion of trabeculae were, in general, very weakly or not reactive. Osteoblasts also showed strong alkaline phosphatase activity. The reaction product was localized along their cell membrane ( Figure 1G ). In control animals, the majority of osteoblasts were TRAP-negative, reaction product be-ing found only in some cells lining the initial portion of the trabeculae near calcifying cartilage, but all osteoblasts exhibited membrane-bound alkaline phosphatase (data not shown).
Electron Microscopy
The metaphyseal trabeculae of hypocalcemic rats consisted of a central calcified zone surrounded by a thick layer of osteoid showing abundant calcification foci (Figure 2) . The trabeculae were lined by a variety of mononuclear cells (Figure 2) . Many of them showed ultrastructural characteristics similar to those reported for active osteoblasts (Scherft and Groot 1990) . They Figure 2 Electron micrograph illustrating part of a metaphyseal trabecula from a hypocalcemic rat. The mineralized bone matrix (Min. Matrix) is surrounded by a thick layer of osteoid. A variety of mononuclear cells are apposed to it. Typical osteoblasts are generally cuboidal and show a prominent Golgi apparatus (Golgi), occupying much of the cytoplasm. (Inset) Coated pits (arrows) are present along the plasma membrane facing the osteoid. The other two cell types are more elongated and exhibit an inconspicuous Golgi apparatus. One shows a "clear" cytoplasm whereas the other is "dark" and its cytoplasm is mainly occupied by rough endoplasmic reticulum (rER). N, nucleus.
were generally cuboidal in shape and possessed a roundish nucleus with dispersed chromatin and one or two nucleoli. A large part of the cytoplasm was occupied by the Golgi apparatus (Figures 2, 3, and 4) , whereas the remaining portion contained cisternae of the rough endoplasmic reticulum, mitochondria, lysosome-like bodies, and a number of vesicles of variable electron density (Figures 2, 3, and 4) . The plasma membrane was generally smooth but coated pits were occasionally seen facing the osteoid (Figure 2, inset) . These osteoblasts showed few cell processes but there were many vesicular profiles among the irregularly oriented collagen fibrils of the adjacent osteoid layer (Figure 3) . Some of the lining cells showed a clear cytoplasm, contained few protein synthetic organelles, and extended thick cytoplasmic processes into the osteoid matrix (Figure 2) . A third mononuclear cell type was also associated with osteoid; it was more electrondense, contained an ovoid nucleus, and was rich in rough endoplasmic reticulum but showed no extensive Golgi apparatus ( Figure 2) .
Osteoclasts in calcium-deficient rats showed either well-developed or incomplete ruffled borders and contacted either calcified and/or uncalcified bone matrix ( Figures 5-7) . They appeared to be less frequently apposed to bone surfaces showing a lamina limitans ( Figures 5-7 ) (see Nanci et al. 1994 for discussion on the use of the terms cement line and lamina limitans). In many cases, the osteoclasts contacted the bone surface via extensions that intruded between typical osteoblasts or mononucleated clear cells with a paucity of protein synthetic organelles (Figure 7) . Crystallites were also sometimes present deep among the membrane infolding of cells with seemingly normal ruffled borders ( Figure 5B , inset). Intact collagen fibrils or recognizable fragments were not observed intracellularly within cytoplasmic vacuoles of the control and hypocalcemic rats examined.
Ultrastructural Cytochemistry
Osteoclasts in hypocalcemic rats showed TRAP activity, even those in direct contact with osteoid tissue (Figure 8 ). Reaction product was localized in small electron-lucent vesicles in the region of the ruffled border and in larger lysosome-like profiles (Figure 8) . Some reactivity was also found along the outer membrane of mitochondria (Figure 8) .
Although many TRAP reaction product deposits were seen in osteoblasts by light microscopy, relatively few reactive granules were noted at the ultrastructural level, a situation probably due to the fact that the granules are small and are distributed throughout the large cell volume (Figure 9 ). However, systematic analysis of several serial sections revealed the presence of TRAP-positive vacuoles in the majority of osteoblasts from hypocalcemic rats.
Immunocytochemistry
Control rats showed a distribution for BSP, OC, and OPN similar to what has been previously reported for normal animals (data not shown; Bianco et al. 1993; McKee et al. 1993; Nanci 1995,1996; Riminucci et al. 1995) , i.e., over mineralization foci at the osteoid seam, patches of matrix among the mineralized collagen fibrils, and over cement lines and laminae limitantes. In rats fed a calcium-free diet, immunolabeling for BSP and OPN was found over these same extracellular matrix compartments (Figures 4-7 and 10-12). Although labeling for OC was also found over electron-dense portions of bone matrix, in some areas it also showed a more diffuse distribution (Figure 5) . The thickened osteoid layer showed abundant mineralization foci immunoreactive with all three antibodies ( Figures 6 and 10-12) . Cement lines at the mineralized bone-cartilage interface and between older and younger bone were typically immunoreactive ( Figures 10-12 ). In many cases, the interfacial layer between bone and cartilage was thicker than in normal rats ( Figure 11B ). Occasionally, patches of OPN-immunoreactive matrix were seen within pit-like membrane inpocketings of osteoclasts showing a poorlydeveloped ruffled border ( Figure 5A , inset). Matrix vesicles in osteoid were not labeled ( Figure 10D ). It is noteworthy that in both hypocalcemic and normal rats, immunolabeling for noncollagenous matrix proteins among the mineralized collagen showed dramatic variations and that areas with almost no immunoreactivity were frequently found adjacent to normally labeled ones (discussed in Nanci 1999).
Discussion
In this study we applied a combination of morphological approaches to examine the effects of diet-induced chronic hypocalcemia in young, growing rats. Calcium deficiency in these animals produced severe bone alterations characterized by an increase in osteoid but no change in thickness of the growth plate. These data are consistent with some previous reports indicating that hypocalcemia induces calcification defects similar to those observed in rickets and osteomalacia (Bloom et al. 1958; Stauffer et al. 1973; de Bernard et al. 1980; Pettifor et al. 1984) . Vitamin D is probably not a major contributor to the resulting alterations because there was only a partial change in osteoid parameters when doses were raised from 1000 to 2500 IU. In addition, low plasma calcium would be expected to lead to an increase of 1␣-hydroxylase activity in the kidney and a concomitant increase in 1,25(OH) 2 D 3 (Persson al. 1993) . Taken together, the data suggest an increase in remodeling rate which, in growing rats, may more readily lead to compensatory secondary hyperparathyroidism-like bone changes, including an accumulation of osteoid (Parfitt 1990) . They are also in agreement with results from a study carried out on baboons, which revealed that diets low in both calcium and phosphorus lead to osteomalacia, whereas those low only in calcium induce hyperparathyroidism (Pettifor et al. 1984) .
There are few reports in the literature in which the effects of hypocalcemia were corroborated by histomorphometric measurements, and these generally show a reduction in trabecular bone volume, especially in adult animals (Thomas et al. 1991; Weinreb et al. 1991; Shen et al. 1995) . The present analysis in growing rats revealed no significant change in trabecular bone volume. Therefore, it is possible that the effect of hypocalcemia on this parameter is age-dependent. Moreover, some studies have used reduced amounts of calcium in the diet, rather than complete absence, as in the present study. The amount of calcium in the food is clearly ex-pected to have an impact on serum calcium levels and may therefore also account for the discrepancies in bone volume observed in the various studies.
All three noncollagenous bone matrix proteins examined were immunodetected in hypocalcemic rats. There were no major changes in their pattern of distribution or concentration at labeled sites that could be inferred from qualitative observation. Immunocytochemically, the most conspicuous difference in labeling between hypocalcemic and control rats was the presence of many mineralization foci, intensely immunoreactive for BSP, OC, and OPN, in the thickened osteoid. Despite the abundance of matrix vesicles, the presence of these foci indicates that initiation of mineralization must have occurred; however, its progression was clearly hampered. The abundance of osteoid tissue and the intense immunolabeling for noncollagenous matrix proteins in mineralization foci further suggest that the reduced availability of calcium, rather than an incompetent organic matrix, is the major factor for the alteration in mineralization observed in hypocalcemic rats.
The bone changes observed appear to be independent of abnormalities of kidney, liver, or intestine, at least so far as can be inferred from the normal levels of albumin and creatinine. Total plasma alkaline phosphatase levels were increased, suggesting an increase in bone formation. This value includes both bone and liver alkaline phosphatase. However, liver damage can be excluded because, despite the significant increase in alanine aminotransferase level in hypocalcemic rats, the aspartate aminotransferase/ alanine aminotransferase ratio in these animals still remained greater than 1.
The presence of abundant rough endoplasmic reticulum, a conspicuous Golgi apparatus, and alkaline phosphatase activity along the membrane of many mononuclear cells lining the osteoid surface indicates that these cells belong to the osteoblast lineage. However, detection of TRAP reactivity in many of these lining cells suggests that they are also actively involved in degradative functions. TRAP-positive osteoblast-like cells have also been found in normal metaphyseal bone (Bianco et al. 1988; Yamamoto et al. 1996) and in basic multicellular units (BMUs; Baron et al. 1984) . In our study, there appeared to be more alkaline phosphatase-and TRAP-positive mononuclear cells on the osteoid surface of calcium-deprived rats than of controls. This observation, albeit with the caveat of being qualitative, suggests that normal levels of interstitial calcium Figure 6 In many cases, the ruffled border region of osteoclasts from hypocalcemic rats is reduced and uncharacteristic, extending coarse cytoplasmic projections (arrows) into the subjacent matrix. Some cells appear to be resorbing osteoid rich in mineralization foci (arrowheads), here immunolabeled for osteopontin (OPN). (Inset) Although collagen fibrils (Coll.) are seen within membrane infoldings of the osteoclasts, fibrils or their fragments have not been discerned in intracellular degradative compartments. N, nucleus.
Figure 7
Immunocytochemical preparations with anti-osteopontin (OPN) and anti-osteocalcin (OC) antibodies. Osteoclasts from hypocalcemic rats frequently extend cell extensions between (A) "clear" mononuclear cells with a paucity of organelles or (B) typical osteoblasts, to reach either mineralized bone matrix (Min. Matrix) or osteoid. Note the absence of a well-developed lamina limitans (LL) at the site of contact with the matrix. This suggests that this interfacial matrix layer is not a prerequisite for osteoclast attachment and matrix degradation. Patches of matrix (arrowheads) among the mineralized collagen and the cement line at the bone-cartilage interface are immunoreactive. Golgi, Golgi apparatus; m, mitochondria; N, nucleus. or normal matrix calcification are required for their differentiation into or replacement by true osteoblasts. If these indeed represent intermediate cells of the BMUs, this raises the possibility that calcium ions and/ or the degree of matrix calcification may participate in cell signaling and may mediate transition from the reversal to the formation phase. Another element that might modulate this transition is the cement line, whose completion is considered to be followed by the disappearance of the intermediate cells and the appearance of true osteoblasts (Baron et al. 1984) . Indeed, the less frequent "coating" of bone surfaces with a lamina limitans is consistent with the abundance of intermediate-like cells in bone of hypocalcemic rats. The presence of mast cells at sites of bone modeling and remodeling may also be implicated in the alterations observed, because it has been suggested that these cells and their mediators participate in the paracrine control, albeit as one of several redundant mechanisms, for recruitment of osteoclast and osteoblast precursors (Silberstein et al. 1991) . In this regard, both heparin and histamine are known to play a role in mediating bone formation and resorption (discussed in Silberstein et al. 1991; Muir et al. 1997) .
The inconsistent presence of a lamina limitans at sites where osteoclasts were apposed to the bone sur-face in hypocalcemic rats suggests that these cells are not obligatorily dependent on this interfacial structure for adherence to bone surfaces and for matrix degradation. In this context, it has been shown that osteoclasts can bind to native Type I collagen via ␣ 2 ␤ 1 integrin and denatured collagen via ␣ v ␤ 3 integrin (Helfrich et al. 1996) , which may in part explain their frequent interaction with osteoid. It may be that, under normal conditions, proteins constituting the lamina limitans lead to a "coordinated" resorptive activity rather than the more "opportunistic" behavior that may take place during the intense bone turnover triggered by the significant reduction of serum calcium.
Another distinctive feature was that cement lines at the bone-calcified cartilage interface sometimes appeared to be thicker than those of control rats. These interfacial lines are believed to derive mainly from the differential deposition of matrix constituents by osteoblasts at the beginning and end of the bone-forming cycle (discussed in McKee and Nanci 1996) . The increase in their thickness suggests that the initial upregulation of noncollagenous matrix proteins may have persisted for a longer period of time. Alternatively, extracellular matrix events may have been affected, leading to a looser interaction between the various components constituting cement lines. It has also been proposed that circulating noncollagenous bone matrix proteins may contribute to the formation of cement lines (Nanci et al. in press; Van den Bos et al. 1999) . Any increase in their availability in tissue fluids, resulting from impaired mineralization, could also contribute to increasing the thickness of some cement lines.
The intracellular organization of osteoclasts in hypocalcemic rats resembled that of controls. However, they often showed incomplete or poorly formed ruffled borders. The occasional presence of crystallites within the membrane infoldings of the ruffled border in both hypocalcemic and control rats is perplexing, considering the acid pH at this site. Most osteoclasts in calcium-deficient animals exhibited widespread TRAP activity, even when located close to osteoid, suggesting that they can degrade uncalcified bone matrix. Osteoclast-mediated degradation of uncalcified collagen fibrils has also been reported in severe primary hyperparathyroidism (Bonucci et al. 1978) . Collagen fibrils were intimately associated with the ruffled border of osteoclasts but were not detected morphologically within intracellular degradative compartments. Unlike fibroblasts, which can endocytose collagen fibrils and degrade them intracellularly (Everts and Beertsen 1987) , matrix degradation by osteoclasts is generally believed to occur extracellularly (Väänänen 1996; reviewed in Katsunuma 1997; Nesbitt and Horton 1997) . However, it has recently been demonstrated that there is intracellular trafficking of matrix components and/or their fragments released during extracellular enzymatic activity and that these are then transcytosed to the basolateral membrane (Nesbitt and Horton 1997) .
TRAP activity was also detected in osteocytes, especially those located near osteoclasts, as previously reported in cases of hyperparathyroidism (Bianco and Bonucci 1991) . Osteocytes may therefore also exhibit osteolytic activity, supporting the concept of periosteocytic osteolysis (reviewed in Bonucci 1990 ). However, it must be noted that, as for tartrate-sensitive acid phosphatase (TSAP) activity (Wergedal and Baylink 1969) , TRAP activity varies inversely with the distance of osteocytes from osteoclasts. The intralacunar TRAP activity detected may therefore not necessarily all derive from osteocytes but may result from the diffusion of the enzyme from the osteoclast towards the osteocyte, establishing a diffusion gradient.
In conclusion, a calcium-free diet administered to young, growing rats reduced the serum calcium level Figure 9 Despite the readily apparent TRAP activity detected by light microscopy in osteoblasts from hypocalcemic rats, at the electron microscopic level cells exhibited only a few weakly reactive granules (arrowheads). Coll., collagen fibrils; Golgi, Golgi apparatus.
Figure 10
Mineralized tissue preparations immunolabeled for bone sialoprotein (BSP) and osteopontin (OPN). Both noncollagenous matrix proteins essentially co-localize at the same sites in bone. (A) Overview of the bone matrix deposited onto a calcified cartilage spicule at a serum calcium level half that of normal rats. The bone matrix shows many mineralization foci (arrowheads) but the collagen (Coll.) does not appear mineralized. (Insets) Higher magnifications of the labeling over the cement line (CL) at the bone-cartilage interface and over mineralization foci. (B-D) The bone forming sequence on the calcified cartilage in hypocalcemic rats. (B) Differential secretion by osteoblasts re-sults in the preferential deposition of BSP and OPN to form a cement line on the calcified cartilage. Because these two noncollagenous proteins are found in blood and tissue fluids, any contribution by circulating proteins to the cement line cannot be excluded. (C) Collagen production is then upregulated to form osteoid (D) which, in the presence of matrix vesicles (mv) and additional noncollagenous bone matrix proteins, will gradually mineralize. N, nucleus. to about half of normal values but did not significantly change bone volume. Osteoid volume, surface, and thickness increased. There were many mineralization foci in the widened osteoid seam, suggesting aborted attempts at mineralization. These were conspicuously immunoreactive for BSP, OC, and OPN. Bone turnover was increased and osteoblasts were hy-perplastic. Most osteoblasts showed TRAP and alkaline phosphatase activity, thus resembling the BMU intermediate cells. Osteoclasts were all intensely stained for TRAP, showed poorly developed ruffled borders, and appeared to digest both calcified and uncalcified bone matrix. Although the alterations observed must take into consideration the effects of both calcium de-
Figure 11
Immunocytochemical preparations for osteopontin (OPN). (A) In hypocalcemic rats, the osteoid layer is thicker and shows many mineralization foci (arrowheads), rich in osteopontin. Osteocytes are found throughout this layer of incompletely mineralized bone matrix. (B) In the primary spongiosa, the cement line (CL) at the interface between calcified cartilage and forming bone often appears thickened compared to controls (inset). N, nucleus.
ficiency and growth, taken together the data suggest that severe hypocalcemia in young rats induces an osteomalacia-like state which, as is often the case, is characterized by bone changes caused by compensatory secondary hyperparathyroidism.
